ABSTRACT
Introduction
The rough contact problem has been studied for many years as it is critically important to understand the tribological phenomenon such as friction, wear, contact fatigue, and sealing. Engineering surfaces have roughness and even highly polished surfaces possess some degrees of Roughness. When two engineering surfaces are pressed together, contact occurs at the peaks of the Surfaces where the contact pressure and subsurface stress can be extremely high, often causing plastic deformation of these spots. The contact between a deformable half-space and a rigid sphere was first solved by Hertz in 1896 [1] but this model only considers the elastic contact and disdains the effects of the roughness and the effects of the plasticity, and the real contact area is unvalued.
Greenwood and Williamson [2] pioneered the study of frictionless contact between a hemisphere and a rigid flat (the GW model) applied the Hertz contact solution to model an entire contact surface of elastic asperities. To supplement the GW model, many elastic-plastic asperity models have been devised.
The study of the deformation behavior of contact asperities and the accurate modeling of rough surfaces is important for understanding contact problems. Several theories can be applied to deal with the microcontacts of two contact surfaces [3] [4] [5] [6] [7] [8] [9] .
Some new models were proposed to consider elasticplastic contact that Chang's model [10] and Zhao's Model [11] are investigated in this paper.
In this work, some selected models are in particular reported, whose formulas, have been used to test the different models of roughness description developed in [12, 13] . The calculated contact zones and loads are compared with different numerical models.
The results illustrate for using a deterministic approach which the numerical models are suitable.
Models of Contact Mechanics
The contact model was first established by Heinrick Hertz in 1882, although the model considered the elastic contact only and the effects of the surface roughness and plasticity were not considered. Contact problems with rough surfaces have been modeled with stochastic techniques.  , the contact is assumed to be elastic, otherwise the contact is assumed to be plastic. The relations used for the elastic regime are based on the Hertz theory. Therefore, the contact area, Ae, and the elastic contact load, fe, are calculated as:
where R and e are the radius of the sphere and the radius of the circular contact area respectively and is the composite elasticity modulus which is expressed as follow:
the critical interference, c  , is introduced by the expression
where the interference is,
, the relations are found to be.
The contact load for each asperity under the plastic conditions is:
This model is only used for fully elastic and fully plastic conditions and there are no relations developed for the elastic-plastic regime.
Zhao's Model
This model is an elastic-plastic asperity contact model for rough surfaces introduced by Zhao et al. [11] . In Zhao's model three regions of fully elastic, elastic plastic and fully plastic contacts are considered. In the elastic region, where 
Therefore, the surface of the contact area is:
Hence, the contact load for each asperity is found to be:
In the elastic-plastic region, where 54 c c      , the relation between the mean pressure (P m ) and the interference (δ), in order to calculate the area of the contact and the elastoplastic load is as follow:
where a 1 and a 2 are two constants to be determined and r is the contact radius of the asperity. Finally, the following equations are used for the radius, R, area of the contact surface, A ep , and the contact load, f ep , respectively: 
ln 54 ln 2 1 3 l n5 3
Finite Element Model
The asperity is modeled in three geometrical shapes i.e. hemispherical, spherical and conical shapes against a rigid flat punch. All the three geometrical shapes have the same radius of 0.0005 m on the peak. In this analysis, axisymmetric 2-D models are used. A total of 11200 four-node bilinear axisymmetric elements were used to model each shape. The meshing of the model is refined near the region of contact in order to allow the curvature to be captured and accurately simulated during deforma-Contact Geometry and Material Properties tion. The contact force acting on each model is found from the reaction forces at the corresponding base nodes that retain the desired interference. The material property is modeled in two types, elastic-perfect plastic and nonlinear hardening. The elastic perfect plastic material is assumed to have yield stress, Y  , equal to 24.4 M Pa. The stress-strain relation of the elastic-nonlinear hardening material is shown in Figure 1 . A reference point is defined for the rigid flat punch and is allowed to move down as shown in Figure 2 nodes at the base of all three models are fixed in all directions. The contact force acting on the model is found from the reaction forces on the reference point that retain the desired interference. Finite element meshes of the three model generated by ABAQUS are shown in Figure 2. 
Results and Discussion
The results of the finite element models are presented for a variety of interferences. The contact area and the interference are normalized by the mean area of 0.785E-6 m 2 and critical interference of 0.462E-6 m respectively. The contact forces obtained for all models are normalized by the Hertzian contact force of 0.011800474 N as obtained from the equation (3) . In order to improve the computational efficiency, the radii of the asperity peaks are assumed to be constant. In Figure 3 , the dimensionless contact force is plotted as a function of interfere.
At low interference ratios, the differences between the dimensionless contact forces in all modes are small because the contact is in the elastic state. It is interesting to note that the Chang's model predicts the least loads at big interferences. This is because of the fact that the Chang's model assumes that for all plastically deformed asperities the average pressure over the contact area is equal to kH. However, in the Zhao's model, it is assumed that for all plastically deformed asperities the average pressure over the contact area is equal to H, So the contact force for plastic zone predicted by the Zhao's model is bigger than that of the Chang's model. In the Zhao's model, transition from fully elastic deformation to fully plastic flow of the contacting asperity is modeled based on the contact mechanics theories in conjunction with the continuity and smoothness of variables across different modes of deformation. As shown in Fig. 3 , the dimensionless contact force predicted by the Zhao's model is smoothly connected from the elastic state to the plastic state.
In Figure 4 , the results of FEM analysis for the spherical asperity with both elastic-perfect plastic (EP PP) and elastic-nonlinear hardening properties (NLP) are compared with the Hertzian, Chang's model and Zhao's model. It is observed that the dimensionless contact force obtained by the FEM for both the elastic-perfect plastic and the elastic-nonlinear hardening materials follow the Zhao's model. Dimensionless contact forces for all three asperity shapes made of elastic-nonlinear hardening materials are shown and compared with three previous models in Figure 5 . It is observed that the results obtained for both the spherical and conical asperity shapes follow the Zhao's model at all interferences while the result for the hemispherical shape follows the Chang's model. As can be seen from 
Conclusions
This study showed that dimensionless contact force obtained for various asperity shapes are in good agreement with Hertzian model for low interferences. However the finite element results obtained for spherical and hemispherical asperity shapes are in very good agreement with the Zhao's model for nearly the whole range of interferences. It is observed that the results obtained the results obtained for both the spherical and conical asperity shapes follow the Zhao's model at all interferences while the result for the hemispherical shape follows the Chang's model but it can be said that Zhao's model are generally in a better agreement with the results obtained from various finite element models especially in elastic-plastic and plastic zones, hence it may be concluded that Zaho's model can be used for analyzing the rough surfaces in
